Composites of polypropylene (PP) with mica powder were produced by melt mixing in an internal mixer. In this research work, the effect of the interfacial modifiers such as maleated polypropylene (MAPP) and silane coupling agent, that encapsulated the mica (treated mica), on the mechanical, thermal and rheological characteristics of mica-filled PP have been investigated. In the literature, it can be seen that increasing mica powder leads to reduced crystallinity of PP. But our results show that reduction in crystallinity is noticeably lesser when interfacial modifier such as MAPP is used. Also, the results of thermogravimetric analysis test showed that MAPP and treated mica caused improvement of heat resistance of the composites. The degradation shifted to higher temperatures which could be due to adhesion between PP and mica powder. The mica powder when added to PP increased the viscosity considerably. However treated mica/PP composite in molten state had noticeably less viscosity in comparison with that of neat micafilled PP and thus having better moldability. Results of decrease in elongation at break with filler content have been compared with predictions of Nielsen's model and Mitsuishi equation.
Introduction
Because of the inherent excellent properties of polypropylene (PP), it is used extensively in molded products [1] . In the last decade, polypropylene (PP) and its blends have been found to be interesting matrices for filled materials, due to their combination of remarkable properties and low cost [2, 7] . Among the mineral fillers for PP, mica [8] [9] [10] [11] , calcium carbonate [2, 3 and 12] and talc [10, 13 and 14] are the most often used. Each filler bring its own characteristics to the compound, but it may also influence the crystallization of PP, and as a consequence, the properties of the composite.
Mica is an abundant, naturally occurring mineral with high strength, good thermal stability and good corrosion resistance so that it can improve the properties of PP [4] [5] [6] 15] .
Upon the addition of mineral fillers, the stiffness is increased in the whole temperature range of polymer use, so that the conventional heat deflection temperature is also increased, whereas the dissipation peak corresponding to the glass transition temperature in viscoelastic spectra is widened [16] . It is well known that final properties of the composite materials do not depend only on the intrinsic properties of each component (filler and matrix) but also on the existence of an interface between them, which is often the weakest point of the system [17] [18] [19] . One thing that can be done to overcome this problem is making use of maleated polypropylene (MAPP) by attaching polar groups presented in by maleic anhydride on to the polymer molecule back bone. Although, the use of MAPP as a compatibilizer (to enhance the adhesion between PP and mica) improves the tensile strength of mica-filled polypropylene, impact properties are reduced further [4, 17 and 18] . On the other hand, when a coupling agent was used, the tensile and bending strength of PP were improved to a certain extent, while it was reported that impact strength deteriorated further [19] . Also, the application of coupling agents for the surface modification of fillers and reinforcements has generally been directed towards improving the processability and mechanical properties of highly filled thermoplastics.
Chiang et al. used the surface treatment technology for modification of PP/Mica composite properties [20] . Zhao et al. have studied the mechanical properties of Mica-filled polypropylene-based GMT composite. They showed that with increasing MAPP content in the matrix, the tensile properties were significantly improved, whereas the Izod impact strength decreased [21] .
The surface modification of the filler particles affects the rheology of the polymers by changing the dispersion of the particles [22] [23] . Rochette et al. have showed that for low mica concentration (bellow 30%) the composite exhibits the classical viscoelastic behavior of a homogeneous material. For higher mica concentration, the material shows a strong heterogeneity as evidenced by an important drift at low frequencies in a Cole-Cole representation.
Han et al. [24] have observed that titanate coupling agents decrease the melt viscosity of the PP-CaCO 3 system. The decrease in melt viscosity of this system due to presence of coupling agent may have resulted from the surface modification of the filler particles, by acting as a lubricant or surfactant.
In our last work we investigated the effects of silane coupling agent and MAPP on the morphology and viscoelastic properties of PP/Mica composites [25] . Also, we investigated the effects of maleated PP and impact modifiers on the morphology and mechanical properties of PP/Mica composites [26] . This paper describes the effect of MAPP and treated mica with silane coupling agent on the thermal, mechanical and rheological behaviour of mica-filled PP. Moreover for the first time it compares the effectiveness of using MAPP as compatibilizer between PP and mica, and using silane treated mica on processability and thermo-mechanical properties of the composites. Table 1 summarizes the melting behaviour, obtained by STA, of virgin PP and 60/40 PP-mica composites materials. All materials exhibited only a single melting endotherm. It can be observed from Table 1 that melting temperature (T m ) and the temperature of onset of melting increased with modification of composites. Melting temperatures of the 60/40 PP-mica composites (treated or untreated mica) are almost the same, but this temperature for the PP-mica composite modified with MAPP increased slightly that attributed to the good adhesion between PP and powder mica, however, this effect is lesser in the PP composite having treated mica.
Results and Discussion

Thermal Properties
It can be observed from Table 1 that crystallinity (C i ) decreased with mica filler which can be related to the restriction of the filler on the movement of the molecular chain of the polymer. It is inferred from these data that treated and untreated mica reduce the crystallinity of PP by almost the same amount, however, MAPP imparts a higher crystallinity to the PP-mica composite due to its nucleating effect. TGA thermograms of various PP-mica composites are shown in Figure 1 . It can be deduced that the incorporation of mica increases the thermal stability of PP. However, when the MAPP and treated mica are added to the polymer, degradation peak still moves to higher temperature with respect to PP/Mica simple blend composite. This suggests that the thermal stability of the system is enhanced due to the formation of chemical interaction between the polymer matrix and the filler particles. 
Rheological Properties
The melt viscosity of PP-mica composite decreases with increase in the shear rate, as shown in Figure 2 . At high shear rates, the viscous stresses predominate over the mica particle interactions, resulting in a layer structure thereby leading to a lower melt viscosity. Because shearing causes segregation of the mica and also tends to degrade the polymer, prolonged shear was avoided. It is inferred from this figure that 60/40 PP-mica composite has a considerably higher melt viscosity than pure PP.
Treatment of mica with silane coupling agent resulted in a decrease in the melt viscosity of mica-filled PP (60/40 PP-treated mica), as shown in Figure 2 . The decrease in melt viscosity may be due to the surface modification of mica which forms an organo-functional layer and imparts hydrophobic character to the mica. The formation of this layer on the mica surface may have resulted in less frictional resistance to flow between the treated mica particles than would have been possible with the untreated mica particles. The exact effect depends on the type of the surface modifier and the type of the filler-polymer combination [22, 28] .
The melt viscosity of PP-mica (58.5/40) modified with 1.5 wt% MAPP as a compatibilizer is slightly higher in comparison with that of 60/40 PP-mica that can be attributed to the good adhesion between PP and mica using maleic anhydride and thus mica particle segregation and shear induced layered structure become more difficult to occur. Moreover, it is evident that with addition of mica, pronounced nonlinearity happens in melt behavior of PP. Figure 2 shows that with modification of PP by mica, treated mica, or MAPP, nonlinearly in flow behavior becomes evident and viscosity at low shear rates increases considerably with respect to low viscosity of neat PP. However, at high shear rates which are practically encountered in extrusion and injection molding processes PP composites made with silane modified mica show much better processability with respect to neat PP or PP/mica simple composite. Table 2 summarizes the mean of the mechanical properties of PP/mica composites with different amount of treated and untreated mica and MAPP as compatibilizer. In general, the tensile strength is higher than unfilled PP and increases slightly with mica content. This is attributed to the nature of the mica. Among all of the samples PP/mica composite containing with MAPP as a compatibilizer has the highest tensile strength; there is not big difference between them. The MAPP compatibilizer has a positive effect on the tensile strength in all composites. An increase in tensile strength of the composites means that the stress has been transferred from the PP matrix to the mica particles. The tensile strength of many filled polymer systems can be improved using compatibilizers or treated fillers, via enhancement of interfacial adhesion and improvement of the nature of the matrix-filler interface [29] . Although treated mica slightly improved the tensile strength but its effect was less pronounced than that of MAPP.
Mechanical Properties
The elongation at break is a little higher for composites made with both MAPP and treated mica in comparison to PP-mica composites. Addition of MAPP and treated mica do not have considerable effect on elongation at break of the composite. Fillers with higher stiffness than the matrix can increase the tensile strength of the composites, but generally fillers cause a dramatic decrease in the elongation at break. Almost all of the elongation occurs in the matrix if the filler is rigid [29] . Breaking elongation exhibits a decrease with an increase in filler concentration in a manner shown in Figure 3 . According to the component properties and composite ratio, Figure 3 also gives a comparison of the experimental elongation at break and those which were calculated by Mitsuishi equation [3, 29 and 30] applied to study the effect of filler-polymer interaction upon elongation:
Tab. 2. Mechanical properties of PP
where ε C /ε p is ratio of elongation at break of the composite and polypropylene (matrix), F  is volume fraction of filler (mica) and K 1 is a constant value depending on filler size and the modification of fillers. When K 1 = 1, shows that the adhesion is perfect (Nielsen's model). For PP/mica experimental results, a good fitting is obtained with K 1 =2.60, but this value shows a poor interaction between mica and polypropylene, however for the two other composites (containing MAPP and treated mica); the K 1 value becomes lower indicating a better adhesion between PP and mica with these improvements. It can be seen that treated mica and MAPP have the same effect on increasing the flexural modulus. It is inferred from Table 2 that with increasing mica concentration, the impact strength for composites decreases and gains almost the same value for composites with the same concentration of treated or untreated mica with MAPP. The treated or untreated mica acts as a stress concentrator.
Morphology Study
Fracture surface of the PP-mica composite prepared with 40 weight percentage of mica as well as when mica was treated with silane coupling agent or when MAPP was used as compatibilizer were investigated by SEM. Typical micrographs of the unmodified composite, the composite made with treated mica, and the composite made with addition of MAPP, all with 40% mica, are shown in Fig. 4 (a-c  respectively) .
In the unmodified composite the particles are spherical in shape, which is representative of weak adhesion between the filler and the matrix. However modification with MAPP and silane coupling agent has improved adhesion between the filler and the matrix so that the filler particles have separated from matrix with difficulty in fracture and the cavities left behind are deviated from spherical shape and drawn in to elliptical shape. Also better dispersion and distribution is seen in mixtures with silane modified filler.
Using MAPP in composite gives rise to formation of ionic bonds between filler and matrix. Therefore, this agent causes an increase in adhesion between phases and better dispersion of mica particles and hence improving overall properties in the composite. Treated mica with silane coupling agent forms a chemical bond between filler and matrix and consequently improves the dispersion of mica particles, their adhesion and wetting, which lead to better phase interface and homogeneity in composite.
These factors can improve the mechanical properties of composite. Moreover silane treatment creates a "protective layer" preventing reagglomeration of the particles. 
Conclusions
The melting temperature and the temperature of onset of melting increase with modification of PP-mica composites by adding MAPP and silane coupling agent. Crystallinity decreases with increasing mica filler which can be attributed to the restriction of the filler on the movement of the molecular chains of the polymer, however with addition of MAPP crystallinity slightly increases. When either MAPP or treated mica is added to composites, displacement of the degradation peak to higher temperature is observed.
Melt viscosity of mica-filled PP sample decreases when mica is precoated with silane coupling agent. The change in melt viscosity seems to depend on the uniform wetting of mica by PP in the presence of coupling agent as well as plasticizing action of the coupling agent, but, the melt viscosity of PP-untreated mica containing MAPP as a compatibilizer is rather higher than that of PP-mica composite due to good interaction between PP and mica.
The reinforcing effect of treated mica and MAPP on the mechanical behavior can be attributed to the interfacial interaction occurring between the matrix and the filler with addition of the coupling agent and compatibilizer. But, the decreasing impact strength of composites with increasing mica content relates to the role of the mica as a stress concentrator. Overwhelmly it has been concluded that silane treatment of mica filler in PP gives better processability and properties than using MAPP for compatibilizing PP with mica.
Experimental
Materials
The polypropylene used in the present work was EPCR40 (a copolymer grade with an ethylene content of 8 wt %) 
Compounding and Sample Preparation
Composites with or without MAPP and treated mica were prepared as followed: All compounds were prepared in a Hakke internal mixer which was equipped with two banbury rotors (model HBISYSTEM 90) at 175 °C and 80 rpm for 12 minutes. In the first step of the mixing procedure, PP was melted. In the second step, MAPP and mica or treated mica were added to homogenized PP in the mixing chamber respectively. Then the compounds were pressed between hot platens at 180 °C under pressure of 25 MPa. The sample compositions and codes are given in Table 3 
Measurement and Characterization
Tensile properties of the specimens were measured according to ASTM D-638 with cross head speed of 50 mm/min by MTS (USA) universal testing machine. The tensile strength and elongation at break were calculated from the tensile test data. At least five specimens of each composition were tested. This experiment was carried out at room temperature.
ASTM methods D-790 and D-256 were followed for determining the flexural modulus (Instron: model 1121) and izod impact strength (Zwick: model 54-10) values, respectively. All results were averages of five samples and obtained at room temperature.
The thermal behaviour of composites was investigated by STA 625 and DSC at a rate of 10 °C/min for thermogravimetric and calorimetric analysis respectively. The crystallinity of the composites was calculated by the following relationship from DSC analysis: C i = (ΔH f / ΔH s ) × 100 (2) where C i is percentage of crystallinity, ΔH f is the heat of fusion of PP-mica composite and ΔH s is heat of fusion of PP in standard conditions (207 J/g [27] ).
Rotational rheological properties of the composites were measured by Paar-physica MCR 300 rheometer using parallel plate geometry (the diameter of the plates was 25 mm). The measurements were carried out at 180 °C.
The morphology of cryogenically fractured surfaces of samples subsequently coated with gold (coating the fractured surface with a thin layer of gold prevents surface charging) was observed by a Cambridge S-360 Scanning Electron Microscope (SEM, Cambridge Instruments).
